








































Polychlorinated naphthalenes (PCNs) have past uses and
physical–chemical properties similar to polychlorinated biphenyls
(PCBs), and they are also produced by combustion and thermal
processes (Helm and Bidleman, 2003). PCNsweremanufactured
commerciallyastechnicalmixtureswiththetradenamesHalowax
(United States), Seekay (UK), and Nibren (Germany). Theywere
mainlyusedinapplicationsrequiringhighthermalstabilitysuchas
dielectric fluids in transformers and capacitors (Falandysz, 1998),
and as wood preservatives, pesticides, plasticizers, and oil
additives. They are also found as trace contaminants in PCB
mixtures(Falandysz,1998;Leeetal.,2007).Currentenvironmental
PCN levelsarebelieved tobeaffectedbyemissions fromsources
relatedtohistoricaluseoftechnicalmixturesandfromcombustion
sourcessuchaswaste incineration,metal refining,and iron–steel
production (Helm and Bidleman, 2003; Odabasi et al., 2010).
Emissionsoriginatingfromthelatterareenrichedin“combustion–
related marker” congeners relative to technical PCN mixtures.
Combustion–relatedcongenersincludePCN–20,–17/25,–26,–13,
–18, –44, –36/45, –29, –27/30, –39, –35, –52/60, –50, –51, –54,
–66/67, and –73 (Helm et al., 2006). Also, elevated levels of
PCN–24 and –50 in air have been attributed to coal andwood
combustion(Leeetal.,2005).However,informationonregionalor
global use of PCNs, emissions from technical mixtures and
combustionislimited(Bidlemanetal.,2010).

Due to their potential for toxicity, bioaccumulation,
persistence, and long–range atmospheric transport, PCNs have
been targeted by Stockholm Convention on persistent organic
pollutants(POPs).Theyarecurrentlyreviewedforlistingunderthe
Convention (StockholmConvention,2012).Unlike theother toxic
organicchemicals,studiesonatmosphericPCNconcentrationsare




frommore than40sitesonsevencontinents indicated thatPCNs
are widespread, and highest levels were detected in
urban/industrial locations consistent with other air sampling
studies(Leeetal.,2007).

Recent studies conducted in the study area of the present
work(Izmir,Turkey)haveinvestigatedandreportedenvironmental
levels of several organic pollutants, i.e., polycyclic aromatic
hydrocarbons (PAHs), polychlorinated biphenyls (PCBs),
organochlorine pesticides (OCPs), and polybrominated diphenyl
ethers (PBDEs) (Sofuoglu et al., 2004; Cetin andOdabasi, 2007a;
CetinandOdabasi,2007b;Cetinetal.,2007;Bozlakeretal.,2008a;
Cetin and Odabasi 2008; Odabasi et al., 2008; Bozlaker et al.,
2008b; Odabasi et al., 2009; Bozlaker et al., 2009; Cetin and
Odabasi, 2011; Demircioglu et al., 2011a; Demircioglu et al.,
2011b).However,dataonatmosphericlevelsofPCNsinthestudy
area depends only on a limited number of measurements
conducted during the GAPS study (Lee et al., 2007). The main
objectiveof thepresent tudy is thusaimedatunderstanding the
spatialand temporaldistributionof severalPCN congeners inair









people, and is the center of a highly industrialized area by the





located on the Kaynaklar campus of the Dokuz Eylul University,
10km southeast of Izmir’s center. It is relatively far from any
settlementzonesorindustrialfacilities.Thereareresidentialareas
locatedapproximately2kmsouthwestandahighway0.5kmsouth
of the sampling site. Nearby land cover is a young coniferous
forest. Urban samples were collected from Yesildere (Urban1)
locatednearamainstreetwithheavytrafficandresidentialareas.
Theotherurbansite(Urban2)islocatedinAliagacounty,a50km
north of Izmir. There are many industrial plants (i.e., a
petrochemical complex, a petroleum refinery, and LPG storage
plants)withinafewkilometers.Finally,sampleswerecollectedat
Horozgedigi village (Industrial) located a5km south of Aliaga





four sites during the winter and summer periods. Detailed
information on sampling is presented in Table1.Meteorological




















Suburban 09/07Ͳ14/2004(Summer) 8 19.2±2.0 5.8±2.2 N 47±6 51±10
 02/04Ͳ13/2005(Winter) 9 1.8±1.4 7.4±2.3 N 58±8 50±28
Urban1 09/15Ͳ24/2004(Summer) 9 22.1±1.2 4.0±2.3 N 59±9 95±20
 03/03Ͳ19/2005(Winter) 8 16.4±7.4 3.0±1.1 NW 63±10 133±40
Urban2 06/13Ͳ19/2005(Summer) 7 22.4±2.0 3.5±1.1 NW 64±4 36±14
 03/28Ͳ04/07/2005(Winter) 6 10.0±2.5 3.8±3.2 NW 67±8 71±23
Industrial 06/13Ͳ19/2005(Summer) 7 22.4±2.0 3.5±1.1 NW 64±4 101±39






















Air samples were collected using a modified high–volume
sampler Model GPS–11 (Thermo–Andersen Inc.). Particles were
collected on 10.5–cm diameter quartz filters and the gas–phase
compounds were collected in a modified cartridge containing
XAD–2 resin placed between layers of polyurethane foam (PUF).
Concurrently,particlesampleswerecollectedon11–cmdiameter
glassfiberfiltersusinganotherhighvolumesamplertodetermine




Prior to sampling, quartz filters were baked at 450°C
overnight.Then,theywereallowedtocooltoroomtemperaturein
a desiccator. PUF cartridgeswere cleaned by Soxhlet extraction
usinganacetone/hexanemixture(1:1)for24h,andweredriedin
an oven at 70°C, before being stored in glass jars cappedwith





Prior toextraction,all sampleswere spikedwitha surrogate
standard(BDE–77,3,3´,4,4´–tetrabromodiphenylether)tomonitor
theanalyticalrecoveryefficiency.BDE–77wasusedasasurrogate
standardsince it isnot found inenvironmentalsamples, itshows
similar recoverieswith PCNs as demonstrated by spike recovery
experiments, and it is suitable for GC–MS analysis in negative
chemical ionization mode. Samples were Soxhlet extracted for
24hours with a mixture of 1:1 acetone:hexane. The extract




DI water) and 2g alumina (deactivated with 6% DI water). The
column was pre–washed with 20mL dichloromethane (DCM)
followedby20mLpetroleumether(PE).Then,thesamplein2mL
hexanewasaddedtothecolumnandPCNswereelutedwith35mL





(Agilent 5973 inert MSD) working at electron capture negative
chemical ionization (ECNI)mode. The capillary column usedwas
HP5–MS (30m,0.25mm,0.25μm).Pulsed–splitless injectionwas
used to maximize the transfer of the PCNs into the capillary




300°C at 8°Cmin–1, andwas held for 0.5min. The injector, ion
source,andquadrupole temperatureswere280,150,and150°C,
respectively.Highpuritymethanewas the reagentgas.TheMSD
was run in selected ion monitoring mode. Compounds were
identifiedonthebasisoftheirretentiontimes,targetandqualifier
ions, andwere quantified using the internal standard calibration
procedure. Samples were quantified for tri– to octachloro–
naphthalenes against a technical PCN mixture (Halowax 1014,
Accustandard) containing target compounds (tri–CN: PCN–19,
–24/14,–15,–16,–17/25,–23;tetra–CN:PCN–42,–33/34/37,–47,
–36/45, –28/43, –32, –35, –38/40, –46; penta–CN: PCN–52/60,
–58,–61,–50,–57,–62,–53,–59;hexa–CN:PCN–66/67,–64/68,





All sampleswere spikedwith BDE–77 prior to extraction to
determine analytical recovery efficiencies. Average recovery of
BDE–77was83±17%forPUFand86±19%forfiltersamples.
Instrumental detection limits (IDL) were determined from




were routinely placed in the field todetermine if therewas any
contaminationduring samplehandlingandpreparation.The limit
of detection of themethod (LOD, ng)was defined as themean
blank mass plus three standard deviations (LOD=Mean blank
value+3SD). Instrumental detection limit was used for the
compounds that were not detected in blanks. Average PCN
amounts inblankswere<5.2%of theamounts found insamples.
Therefore, samplequantitieswerenotblank–corrected.Usingan





Principal Component Analysis (PCA), using SPSS software
version17.0forWindowsbySPSSInc.,wasappliedtoidentifythe
relationshipsbetweenvariablesandpossiblesourcesofPCNs.The
input variableswere the concentrations of 32 PCN congeners in
ambient air. Principal component analysis was used as the








all four sites are presented in Table2, for summer and winter
seasons. Total PCN (ɇ32PCN) concentrations ranged between 5.2
(Suburban1) to162pgm–3 (Urban1) in summer,while inwinter,
theyrangedfrom3.7(Suburban)to229pgm–3(Urban1). ɇ32PCN
concentrations (average±SD, 75.3±67 and 68.6± 55.2pgm–3, for
winter and summer periods, respectively) in Urban1 site were
relativelyhigherthanthosemeasuredinremainingsamplingsites.
Suburban samples had the lowest concentrations (8.1±5.3 and
17.4±14.1pgm–3, for winter and summer periods, respectively)
amongthefoursamplingsites.Thiswasprobablyduetothehigher
distance of the Suburban site to PCN sources (i.e., urban,
industrial). LowerPCN concentrationsmeasured inSuburban site
mayalsobedue to themeteorological conditions like thehigher
windspeedsmeasuredinthissite,favoringdispersionofpollutants
(seeTables1and2).Wintertime concentrations inSuburban site
were lower than the onesmeasured in summer. This could be
attributed to higher wind speeds during this period (7.4 and
5.8ms–1 forwinter and summer periods, respectively).  ɇ32PCN
concentrations were higher in winter in Urban1 and 2 sites
probably due to increased emissions from residential heating.
However, summertime concentrations were higher in the





their global spatial distribution (Lee et al., 2007). The geometric
mean air concentration of ɇPCNs was 1.6pgm–3, ranging from
belowdetectionlimitto32pgm–3.Resultsfrommorethan40sites
on seven continents indicated that PCNs are widespread, and
highest levelsweredetected inurban/industrial locations consisͲ
tent with other air sampling studies (Lee et al., 2007). ɇ32PCN
concentrationsmeasuredattheSuburbansiteofthepresentstudy
werewithin the ranges of these recently reported values. HowͲ
ever, concentrationsmeasuredat the remaining three siteswere
similar toorhighercompared toonesmeasured inurban/ indusͲ






















PCNͲ19 1.1±0.9 0.6±0.2 5.3±4.1 4.1±3.8 1.1±0.4 1.7±0.6 1.0±0.7 1.9±1.2
PCNͲ24/14 4.2±4.3 1.4±0.9 18.5±17.2 16.4±18.7 8.7±2.1 7.8±2.8 5.5±4.4 11.2±10.7
PCNͲ15 0.7±0.7 0.4±0.3 2.8±2.6 3.5±2.3 2.2±1.3 1.2±0.5 1.1±1.0 2.0±1.7
PCNͲ16 0.6±0.5 0.5±0.4 2.1±1.8 3.6±2.2 2.6±1.8 1±0.4 1.1±1.0 2.0±1.4
PCNͲ17/25 1.3±1.0 0.8±0.7 4.2±3.1 6.7±3.9 4.6±3.7 2.3±1.1 2.2±1.8 3.9±2.6
PCNͲ23 1.6±1.4 0.5±0.3 6.2±5.4 5.0±5.7 3.7±1 3±1.1 2.2±1.5 3.9±4.1
PCNͲ42 0.3±0.2 0.2±0.1 1.2±1.0 1.2±1.3 0.9±0.1 0.6±0.2 0.6±0.4 0.8±0.5
PCNͲ33/34/37 1.4±1.1 0.7±0.5 6.4±5.3 5.7±4.9 5.7±1.2 3.5±1.3 4.7±4.1 4.9±3.0
PCNͲ47 0.4±0.3 0.2±0.1 1.6±1.3 1.4±1.5 1.4±0.2 1.1±0.4 1.2±1.0 1.3±0.7
PCNͲ36/45 0.3±0.2 0.2±0.2 1.0±0.8 2.1±1.1 1.0±0.7 0.4±0.1 0.6±0.5 0.8±0.4
PCNͲ28/43 1.1±0.8 0.6±0.5 4.2±3.3 4.8±4.0 4.2±1.8 2.3±0.8 2.9±2.2 3.5±2.4
PCNͲ32 0.3±0.2 nd 0.7±0.5 0.9±0.6 0.6±0.2 0.4±0.1 0.4±0.3 0.6±0.5
PCNͲ35 0.7±0.4 0.2±0.2 2.1±1.7 3.1±2.6 1.7±0.5 1.3±0.6 1.1±0.7 2.0±1.3
PCNͲ38/40 1.0±0.7 0.4±0.3 4.4±3.5 4.2±5.2 3.8±1.1 3.0±1.2 2.7±2.0 4.3±3.0
PCNͲ46 0.8±0.4 nd 2.2±1.5 2.6±3.8 1.9±0.7 1.5±0.6 1.3±0.9 2.4±1.8
PCNͲ52/60 0.3±0.2 0.3±0.2 1.0±0.6 1.8±1.2 1.9±0.4 0.9±0.3 2.1±2.1 1.0±0.5
PCNͲ58 0.1±0.04 0.1±0.05 0.2±0.1 0.3±0.2 0.2±0.05 0.1±0.04 0.2±0.2 0.1±0.1
PCNͲ61 0.2±0.1 0.1±0.04 0.6±0.4 0.8±0.9 0.8±0.1 0.6±0.2 1.1±1.2 0.8±0.7
PCNͲ50 0.2±0.1 0.2±0.1 0.4±0.3 1.0±0.5 1.0±0.3 0.3±0.1 1.0±1.0 0.5±0.2
PCNͲ57 0.2±0.1 0.1±0.003 0.4±0.3 0.7±0.8 0.7±0.1 0.5±0.2 1.4±1.6 0.6±0.5
PCNͲ62 nd nd 0.5±0.2 0.8±0.9 0.7±0.1 0.5±0.1 1.4±1.6 0.7±0.6
PCNͲ53 0.1±0.03 nd 0.4±0.2 0.7±0.8 0.7±0.2 0.4±0.1 1.1±1.2 0.7±0.5
PCNͲ59 0.3±0.04 nd 0.7±0.4 1.5±1.8 1.0±0.3 0.9±0.3 1.7±2.0 1.1±0.8
PCNͲ66/67 0.2±0.1 0.2±0.2 0.4±0.2 1.1±0.5 1.1±0.4 0.3±0.1 1.0±0.9 0.3±0.1
PCNͲ64/68 0.1±0.1 0.1±0.1 0.2±0.1 0.4±0.2 0.4±0.1 0.2±0.1 0.7±0.8 0.2±0.1
PCNͲ69 0.1±0.1 0.1±0.04 0.1±0.1 0.3±0.2 0.6±0.1 0.4±0.2 1.3±1.6 0.2±0.2
PCNͲ71/72 0.1±0.1 0.1±0.1 0.2±0.1 0.3±0.3 0.7±0.2 0.6±0.3 1.7±2.2 0.3±0.2
PCNͲ63 0.1±0.1 0.1±0.1 0.1±0.1 0.3±0.2 0.3±0.1 0.2±0.1 0.6±0.7 0.1±0.1
PCNͲ65 0.04±0.03 0.03±0.002 0.1±0.02 0.1±0.1 0.2±0.1 0.2±0.1 0.6±0.7 0.1±0.1
PCNͲ73 0.2±0.1 0.2±0.1 0.3±0.1 0.5±0.2 0.4±0.1 0.2±0.04 0.6±0.7 0.2±0.1
PCNͲ74 0.1±0.03 0.04±0.02 0.1±0.05 0.2±0.1 0.3±0.1 0.2±0.1 0.7±0.9 0.1±0.01
PCNͲ75 0.6±0.4 0.3±0.2 0.7±0.8 0.5±0.4 0.5±0.2 0.3±0.1 0.9±1.2 0.3±0.2





PCNs are semivolatile compounds and they are distributed
betweengasandparticle–phasesintheatmospheredependingon
their physicochemical properties and ambient temperature. It is
notable that the gas/particlepartitioningof thePCNs, andother
POPs,isanimportantprocessinfluencingtheirenvironmentalfate
processes, such as deposition, degradation, and atmospheric
transport. Octanol–air partition coefficient (KOA) has been
commonly used to investigate and to model the gas–particle
partitioning of organic compounds (Harner and Shoeib, 2002;
Odabasi et al., 2006; Li et al., 2008; Cetin and Odabasi, 2008).
Figure2 shows the variation of gas–phase percentages of PCNs
measured at different sites and seasons, as a function of their
temperature–adjusted octanol–air partition coefficients. Ambient
air gas–phase percentages of PCN congeners averaged over all
sitesandseasonsrangedbetween33(PCN–19)–94%(PCN–75).For
individualsamplesawiderrange(0–99%)wasobserved(Figure2).
The phase distributions of PCN congeners in the present study
were consistentwith the previous observations and gas–particle
partitioning model estimations for PCNs (Harner and Bidleman,
1997; Harner and Bidleman, 1998a). Summertime gas–phase
percentages especially for medium to low–volatility congeners
werenotablyhigher.Thiscouldbeexplainedby the temperature
dependencyofKOA thatdecreaseswith temperature (seeTable1
for temperaturedifferencesduring summer andwinter sampling
 Odabasietal.–AtmosphericPollutionResearch3(2012)477–484 481








was reported that no correlationwas observed between the air
concentrations of ɇPCN and ɇPCB, and ɇPCN/ɇPCB ratios were




ɇPCN concentrations measured in the present study were
compared to ɇPCBconcentrations reportedbyCetinetal. (2007)
for the same sampling events.Only Urban2 and Industrial sites
were compared since PCB concentrationswere notmeasured in
SuburbanandUrban1 sitesbyCetinetal. (2007).AlthoughPCN
concentrationsmeasuredinthepresentstudywererelativelyhigh
compared to those reported in the literature, ɇPCN/ɇPCB ratios
were0.11and0.025 forUrban2and Industrialsites, respectively
because the air concentrations of ɇPCNsweremuch lower than
that of ɇPCBs. The correlations between ɇPCNs and ɇPCBswere
statistically significant for Urban2 (r2=0.35, p<0.05) and
Industrial (r2=0.55, p<0.01) sites suggesting that they have
common sources. This is in accordance with the recent studies
indicating that some POPs (PAHs, PCBs, PBDEs) have significant





























































































Comparison of congener and homologue profiles for the
various PCN sources and atmospheric samplesmay qualitatively
indicatethesourcespossiblycontributingtothePCN levels inthe
air at a specific site (Lee et al., 2007). Falandysz et al. (2006a;
2006b)havereportedthecongenerandhomologuemasspercent
distributionsforseveraltechnicalPCNmixtures(Halowaxes).Itwas
recently shown that the congeneric compositions within
homologuegroupsinthevariousHalowaxesaresimilar.Therefore,
differences between Halowax mixtures are because of varying
proportions of homologue groups having similar congeneric
compositions (Lee et al., 2007).Most of the Halowax mixtures
(1000,1001,1013,1031,and1099)aredominatedby tri– (14.5–
68.5%), tetra– (22.4–53%) and penta–(3.4–29.1%) CNs (Figure3).
However, Halowax 1051 is dominated by octa–CN (91%) while
Halowax1014 isdominatedbypenta–(34%)andhexa–(37%)CNs
(Figure3). The congener profiles observed in this study were




and 1051. PCN–24/14was the dominating congener at all sites
(contributing 12–27% to ɇ32PCNs), followed by PCN–33/34/37,
PCN–28/43, PCN–17/25, PCN–23 and PCN–19 (see the SM,
FigureS1). In terms of homologue groups, tri–CN was the
dominatinggroupatallsites(contributing28.2–56.4%toɇ32PCNs),
followedbytetra–CN(30–39%ofɇ32PCNs)andhexa–CN(Figure3).




Current environmental levels of PCNs are influenced by
emissions from sources related to historical use of technical
mixturesandfromcombustionsourcessuchaswasteincineration,
metal refining, iron–steel production (Helm and Bidleman, 2003;
Odabasietal.,2010),and coalandwood combustion (Leeetal.,
2005). Emissions originating from combustion processes are
enriched in “combustion–related marker” congeners relative to
technical PCN mixtures. Combustion–related congeners include






theprofiles indifferentHalowaxmixtures (see theSM,FigureS2)
to assess the contribution of combustion–related congeners to
atmospheric PCN levels. In Halowaxes, combustion–related
congeners PCN–17/25 (2.1–10.1%), –36/45 (0.7–2.1%), –35
(9.1–13%), –52/60 (6.3–10.2%), –50 (3–4.8%), and –66/67
(0.03–3.9%) are minor components within their respective
homologue groups (except PCN–73, 19.4–73.4%) (see the SM,
FigureS2).However,inairsamplescombustion–relatedcongeners
PCN–17/25 (10.8–20%), –36/45 (3.2–8.3%), –35 (7.2–11.9%),
–52/60 (18.7–40.6%), –50 (7–24.4%), –66/67 (16.7–41.4%), and
–73 (47.3–82.3%) were enriched within their respective
homologue groups, relative to Halowax mixtures (Figure4)
suggesting thatairsamplingsiteswere influencedbycombustion
sources. Combustion related congeners generally showed higher













components accounted for the 94.4–97.2% of the total variance
(seetheSM,TableS1).CombustionmarkerPCNswereprominent
in PC1 and PC2 for all sampling sites indicating the input of
combustionprocessestoatmosphericconcentrations.Mostofthe
PCs were also loaded with major Halowax components
(PCN–24/14,–23,–33/34/37,–28/43,–38/40,and–46) indicating
theemissionsfrompastusesofthetechnicalmixtures.PCN–75 is
generally aminor component inmost of the Halowaxmixtures,
excepttheHalowax1051(Figure3).PCN–75appearedinPCs
extractedforallsitesofthepresentstudywithhighfactorloading
coefficients (see theSM,TableS1) suggesting thatHalowax1051








































































Halowax component PCNs generally appeared in the same PCs.
Thismaybeduetothe factthattheyareemitted fromthesame
sources.Recently itwasshownthat iron–steelplantswithelectric
arc furnaces are themajor PCB, PAH, and PBDE emitters in the
study area (Odabasi et al., 2009). PCNs are emitted by different
mechanismsfromiron–steelplantswithelectricarcfurnaces.PCNs
may be present in the scrap (rawmaterial) and are evaporated
during production processes or they may form by de novo
synthesis in thermalprocesses (IPPC, 2001;Odabasi et al., 2009;
Odabasi et al., 2010). The results of the study byOdabasi et al.








PCNs have gained interest recently as they have been
nominated as candidate POPs for inclusion under the Stockholm
Convention on POPs (Stockholm Convention, 2012). Unlike the
other toxic organic chemicals, studies on atmospheric PCN
concentrations are relatively scarce around the world and very
limitedinTurkey.Toourknowledge,thisisthefirstextensivestudy
investigatingatmosphericPCNs inTurkey(withtheexceptionofa
fewmeasurementsdoneduring theGAPS study). Resultsof the
present study indicated that the combustion processes also
contribute substantially to atmospheric PCN concentrations in
Izmir, Turkey in addition to emissions from sources related to
historicaluseoftechnicalmixtures.Abetterunderstandingofthe
combustion inputs/sources of PCNs will be key to their risk





Resultsof factoranalysis (TableS1),Percent contributionsof
individualcongenerstoambientɇPCNconcentrationsandHalowax
mixtures (FigureS1), PCN congener profiles (average relative
contributions of congeners to tri, tetra, penta, hexa, and hepta
homologuegroups) indifferentHalowaxmixtures(FigureS2).This
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